Introduction
1 Tuberculosis (TB) remains among the top ten causes of deaths globally, with 10.4 million new 2 cases in 2016 alone. 1 Peru remains a high burden country for multidrug (MDR) TB with 117 TB 3 cases were reported per 100,000 population in 2016 with approximately 9% being MDR or 4 rifampicin resistant (RR). 1 Molecular methods have been instrumental in tracing outbreaks and 5 single nucleotide polymorphism (SNPs) identified using whole genome sequencing (WGS) have 6 higher resolution in identifying transmission links when compared with traditional genotyping 7 methods like spoligotyping or Mycobacterium interspersed repetitive unit-variable number 8 tandem repeats (MIRU-VNTR). [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Yet we don't yet fully understand how to use all the genetic 9 information generated by WGS, by convention as much as 10% of the genome is excluded 2,3 1 0 and in some instances too little remaining variation is found to aid resolution of transmission 1 1 chains. 13 Resolving transmission events accurately is particularly challenging in high-burden 1 2 settings where multiple source case suspects are common. In addition to guiding public health 1 3 interventions including appropriate contact tracing, identifying the source case can inform 1 4 patient care in some cases such as in paediatric TB when the source case microbiological data 1 5 can inform treatment. 14, 15 Further, in high-burden countries the term 'outbreak' may not apply as 1 6 TB has been circulating continuously for decades or centuries. 16 Given the renewed emphasis 1 7 on active case finding 17 and widespread adoption of sequencing, a closer look at use of WGS in 1 8 high-burden settings is needed. 1 9 2 0
Control efforts against TB have been undermined by the emergence and spread of drug 2 1 resistant TB (DR-TB). Current evidence suggests that most cases of DR TB are a result of 2 2 transmission rather than de-novo evolution of the bacteria during treatment. [18] [19] [20] Factors known 2 3 to contribute to DR-TB transmission include delays in diagnosis and treatment, 21 host factors 2 4 like age, and immune status, [22] [23] [24] as well as bacterial factors such as fitness and 2 5 immunogenicity characteristics. [25] [26] [27] It is well recognized that Mycobacterium tuberculosis (MTB) 2 6 strains with the same DR conferring mutations have a range of fitness. [28] [29] [30] However, to date 1 few molecular fitness determinants have been characterized and seldom in the context of high 2 transmissibility. 31, 32 Improved knowledge of such bacterial factors can inform efforts for 3 transmission interruption by identifying targets for diagnosis, surveillance, and even potential 4 therapeutics targeting fitness mechanisms. Here we use WGS data of the largest TB MIRU-5 VNTR cluster spanning pan-susceptible to MDR-TB isolates that was identified in 4,000 TB 6 patients enrolled in a household transmissibility study. We examine both host and TB genotypic 7 data to understand the evolution of isolates within this cluster, infer the timing of emergence of 8 antibiotic resistance, and identify genetic bacterial factors unique to this cluster that may have 9 contributed to its success. and consent have been previously described. 33, 34 Briefly, patients were enrolled if they were 1 6 diagnosed with pulmonary TB (PTB) at public health clinics and were followed through therapy.
7
Their household contacts were also followed with tuberculin skin testing and monitored for 1 8 development of TB for a period of 12 months. The following were collected at time of TB The geographic distribution of strains based on household coordinates, colored by resistance 2 0 pattern is shown in Figure 1 . Comparison between genetic and geographic distance did not 2 1 support that the cluster spread in a single geographic direction, even when three most distant 2 2 strains were excluded (P = 0.2, Supplementary Figure 1 other). A pair of isolates collected two months apart from a host who had not been on treatment 2 0 (MDR strains M06 and M10) was found to have no SNP differences outside of PE/PPE regions.
1
In PE/PPE regions, we found 5 high-quality SNPs; similarly, 2 indels were observed in other 2 2 regions.
3 4
Looking at genetic evidence alone for recent transmission using a distance cutoff of 
6
Other than the pair (index parent M23 and contact child M12), none of these belonged to the 1 same household. With the addition of high confidence indels and PE/PPE SNPs and using the 2 cutoff of ≤ 7 variants (distance between the two isolates belonging to the same patient when high 3 confidence indels and PE/PPE variants were included), there were 41 links among 30 patients, 4 i.e. 76% fewer links than when these variants were excluded. Phylogenetic trees built by 5 including indel variation also had notable differences within the cluster of 57 isolates 6 ( Supplementary Figure 3) .
8
Of the 375 isolates sequenced from a TB outbreak in London, 13 325 met our quality criteria and 9 were further examined. Using a genetic distance cut-off of ≤ 5 SNP (excluding DR and PE/PPE 1 0 regions), 309 of these isolates separated out into one large interconnected cluster consisting of 1 1 31,776 links. Among 38 serial isolates that were collected from 19 patients from that outbreak, 1 2 the largest difference between a pair with the inclusion of indels and PE/PPE regions was also 1 3 found to be 7 SNPs. When applying this as the threshold for identifying a genetic link, the 1 4 interconnected cluster was reduced to 294 strains with 28,230 links, i.e. 11% fewer links than 1 5 when PE/PPE variants and indels were excluded. .
6 7
Host factors: We measured host infectiousness in the cluster using the 'propensity to 1 8
propagate' 35 (PTP) method and identified five patients as having the highest possible score 1 9 (PTP> 4). This was related to patients being younger (20-29y) males with smear positive PTB 2 0 and a history of substance use ( Supplementary Figure 4) . Three of these were identified to be 2 1 within the network of patients with genetically close MDR isolates ( Figure 3 ). The mean cluster 2 2 PTP was also high at 1·699. S315T mutation, ca 1968 S315T mutation, ca (95% HPD 1945 S315T mutation, ca -1985 and ca 1972 ca (95% HPD 1952 ca -1985 . Resistance and Bacterial Fitness: As there were several isolates measured to be resistant by 1 9 the culture-based method that did not harbor any known resistance mutations, e.g. for EMB and 2 0 PZA, we attempted a phylogeny-based genome wide association within the group of 61 isolates 2 1 to identify new mutations associated with resistance ( Supplementary Table 2 ). In addition to 2 2 identifying the known mutations that confer resistance to isoniazid and rifampicin, we found an 2 3 association between EMB resistance and a mutation (3778221AG) in the intergenic region 2 4 between spoU and PE-PGRS51 genes (20 bp from spoU end and 347 bp before PE-PGRS51 2 5 1 start), corresponding to the acquisition of EMB resistance 32 years ago shown in 1 Supplementary Figure 5 .
3
We identified 175 mutations that were unique to the core cluster of 57 isolates and were absent 4 from the 4 more distantly related isolates. Hypothesizing that a subset of these mutations may 5 have contributed to transmissibility of this cluster, we measured which are under positive 6 selection by looking at 12,032 other MTB isolates. Five mutations met our criteria for positive 7 selection i.e. were found to have a frequency of >5% in at least 3 other TB lineages (lineage 1, 8 2, 3, and non-LAM-4) (Figure 4 ). Of the five, two occurred in genes with known function esxV 9 which is an ESAT-6 like secreted protein and cobD, a cobalamin biosynthesis protein. host and epidemiological factors contributing to transmission potential of a cluster. The higher 1 8 resolution gained by WGS is consistent with prior reports 2,3,36-38 , but the maximum genetic 1 9 distance we find between the clustered isolates is larger than previously seen and we further 2 0 estimate the group of LAM-4.3.3 sequenced isolates to have been circulating for over 8 decades 2 1 in our study community. Previous studies performing WGS of MIRU-VNTR clusters in low 2 2 prevalence settings have noted shorter genetic distance between isolates, 2,3,13 and in one case 2 3 the distances were insufficient to reliably and consistently inform contact tracing interventions. 13
4
It is possible, that certain features of our selected cluster have led to the observation of such 2 5 high levels of diversity. First our cluster spans the spectrum of pan-susceptible to resistant to 7 2 6 drugs, second is that our isolates all belong to lineage 4, a lineage that has been noted to be the 1 most phenotypically and genotypically diverse of the TB lineages. 39 However, the proportion of 2 diversity that could be linked directly to drug resistance was low. A parsimonious explanation of 3 the high degree of observed genomic diversity is that the rate of MIRU-VNTR pattern evolution 4 is on average slow and on the order of decades. Despite this, MIRU-VNTR likely offers sufficient 5 resolution in low prevalence settings as most TB cases there tend to be imported. 2,3 6 7
The genes in the PE and PPE families constitute about 10% of the TB genome and have been 8 grouped together based on the proline-glutamate (PE) and proline-proline-glutamate (PPE) 9 signature motifs but members of this family are scattered throughout the genome and have 1 0 diverse functions. 40, 41 Because they carry a high GC content and contain repetitive areas they 1 1 have been typically excluded from analysis of sequencing data. 42 However, recent advances in 1 2 sequencing technology allow for longer read lengths and increased throughput which combined 1 3 with more accurate bioinformatics pipelines, it is now possible to call variants in a proportion of 1 4 these genes with high confidence. We identified several high quality indels and variation in the does not take into account the different evolutionary rate of these regions. In our study, when 1 7 identifying closely related strains with the inclusion of high confidence PE/PPE regions, the 1 8 number of possible links between strains decreased. An accepted standard that accounts for 1 9 variation in these regions would allow for improved resolution of transmission events. Although, 2 0 comparison of ancestral relationships in the phylogenetic trees without and with inclusion of 2 1 indels did not show significant differences, there were notable differences within the closely 2 2 related cluster highlighting that similarity measures that rely on SNPs alone could be 2 3 misleading. Inclusion of indels and PE/PPE regions in estimation of divergence dates is limited 2 4 by our current lack of knowledge regarding their evolutionary rates but these regions account for 2 5 an appreciable proportion of variation seen between closely related isolates and thus including 1 this information may affect interpretation of transmission links. 43 2 3
We identified many genomic links using the SNP distance threshold of ≤ 5 criterion 3 that were 4 not discovered within household contact investigation, providing evidence that household 5 contact investigation is not sufficient to identify and treat secondary TB cases as transmission 6 can occur anywhere in the community. Additionally, 2 of 3 case pairs that belonged to the same 7 household were found to have large genetic distances making it more likely that transmission 8 occurred outside the household. Although the dataset used was relatively small, these findings 9 add to the current limited literature on the topic. [44] [45] [46] Overall our study highlights the utility of Our phylogenetic dating procedures supports that acquisition of MDR is not recent in Lima, and 2 0 that MDR cases, given the observed phylogenic structure, are mostly related to transmission.
1
This finding is consistent with other studies performed in other countries including South
2
Africa. 18 Within the MDR sub-cluster, ethambutol and pyrazinamide was acquired and 2 3 transmitted. This finding was similar to that of a study in Uganda, 47 where pyrazinamide 2 4 resistance typically arose in MDR strains with several different causative mutations. This 2 5 highlights the importance of testing for pyrazinamide resistance in order to determine benefit of 1 its use in MDR-TB treatment regimens. 48 2 3 Phenotypic resistance could not be explained by genotype in a few isolates including in our 4 study. To this effect, we undertook a GWAS procedure to identify drug resistant phenotype-5 genotype associations. We identified the intergenic SNP 3778221AG 30bp downstream of the 6 porbable tRNA/rRNA methylase gene spoU to be significantly associated with ethambutol 7 resistance. Although a causative mechanism for how this variant modulates EMB susceptibility 8 or fitness is not clear, this finding is supported further by a recent large genome-wide 9 association study of 1452 MTB isolates. 49 1 0 1 1
The cluster under study was the largest such cluster observed in the Lima household 1 2 transmission study. Its transmission success was likely due to both bacterial and host factors.
3
We quantified the host predilection to transmit TB with the PTP measure and found the cluster 1 4
to have a higher score than the median PTP measure reported by a study in Netherlands. 35 Our 1 5 study had five patients with a particularly high PTP above the highest reported value of 3·9, 35 1 6 potentially contributing to transmission in the population we studied. A few prior studies have 1 7 characterized bacterial genetic factors that contributed to increased transmissibility. 24, 27, 50 We 1 8 add to this literature by identifying five cluster defining SNPs to be under positive selection in a 1 9 large TB genomic dataset. One of these SNPs (esxV S23L) is a member of the ESAT-6 family 2 0 of secreted proteins, some of which have been shown to be involved in host-pathogen 2 1 interactions and may thus have contributed to increased transmissibility. 50,51 2 2 2 3
Our study had several limitations. Contact tracing was done within household contacts and 2 4 hence epidemiological links in the community were possibly missed. Sequencing a subset of 2 5 isolates from the cluster may have led to missed links along the transmission chain. It may also 2 6 have led to an underestimation of the diversity. However, the sampled subset demonstrated a 1 substantial amount of diversity, more than would be expected within a cluster with identical 2 MIRU pattern. 2, 3 We also cannot exclude that the 2 outer most isolates were miss-assigned the 3 reported MIRU pattern and because of this we focused on the isolates confirmed to be of the 4 same lineage by in silico spoligotyping and the WGS SNP barcode. Finally, it is important to 5 note that our dating estimates are heavily reliant on the molecular clock rate that has been 6 previously reported in the literature. 
